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Due to strong dependence of electrocatalytic reactions on the surface structure of 
the catalysts, surface-modified nanoparticles have been studied widely to achieve 
highly efficient and economical electrocatalysts. There have been various strategies 
to achieve the surface-modified nanoparticles.  
 The effect of surface-modification on the hydrogen oxidation reaction (HOR) 
and oxygen reduction reaction (ORR) activity was investigated using carbon 
supported nanoparticle catalysts which were subjected to various surface 
modification methods and discussed based on the effect of heterogeneous atoms in 
the catalyst surfaces. The surface modifications were conducted three different 
ways: 1) deposition of Pt-sub-monolayer-shell on Pd-core nanoparticles, 2) thermal 
treatment of Pt-Au alloy nanoparticles under CO or Ar gas which led to different 
surface Pt-Au compositions but identical bulk compositions, and 3) selective 
adsorption of phosphoric acid on Se in RuSey/C catalyst.   
Tht HOR activity of Pd nanoparticles modified by sub-monolayer of Pt 
was investigated at a Pt surface concentration of 0 ~ 5.7 %. The combination of 
electrochemical measurements and high resolution-X-ray photoelectron 
spectroscopy revealed a significant decrease in oxidized Pd atoms (23.4 %) with a 
Pt surface concentration of 1.7% compared with that of Pd/C. X-ray absorption 
ii 
 
spectroscopy of the Pt LIII suggested preferred Pt deposition, which led to more 
oxidized Pt atoms during Pt shell growth. The exchange current density of the 
hydrogen oxidation reaction on the electrocatalyst with a Pt surface concentration 
of 4.9 % was 3.5 times higher than that on Pd/C and was comparable with that on 
Pt surfaces. The changes in hydrogen oxidation reaction apparent enthalpy due to 
Pt shell growth suggested a rate determining step (RDS) change (Volmer reaction 
→ Tafel reaction) at a Pt surface concentration of 1.7 %. 
In order to investigate the effect of CO induced surface segregation on the 
ORR activity of PtAu nanoparticles, the catalysts were subject to heat treatment at 
423 K under a CO or Ar atmosphere. The surface composition was analyzed by 
XPS and the composition was shown to increase from 66 ± 2 % (PtAu-AP) to 74 ± 
2 % (PtAu-CO) after heat treatment under a CO atmosphere, which was confirmed 
by electrochemical techniques, while the bulk composition was invariant at 55 %. 
For the oxygen reduction reaction (ORR), the mass activity of PtAu-CO increased 
by 75.6 % (33.2 A/gPt) when compared to that of PtAu-AP (18.9 A/gPt). Since the 
increase in EAS was only 15.8 %, it was concluded that the specific activity was 
enhanced by 52.6 % due to surface Pt segregation after heat treatment under a CO 
atmosphere. The enhanced specific activity was attributed to the reduced OH 
adsorption energy which was characterized by measuring the potential of total zero 
iii 
 
charge. The weaker OH adsorption was resulted from the higher Pt/Au ratio at the 
surface layers. 
The effect of phosphate adsorption on the ORR activity of Se-modified-
Ru catalysts (RuSey/C) was examined. The ORR activity of unmodified Ru/C 
catalyst decreased by 26.8% as the active site was blocked by electrochemical 
adsorption of phosphoric acid. However, for RuSey/C, the ORR activity was 
enhanced with phosphoric acid (RuSe1.56/C: 63.8%), which indicates that the 
kinetics at each site increased to compensate for the site blocking effect. The XAS 
results demonstrated that, for RuSey/C, phosphoric acid molecules or phosphate 
anions primarily interacted with Se atoms, and the oxidation state of Ru atoms 
decreased. Therefore, it was concluded that the enhanced ORR kinetics originated 
from the decreased oxygen binding energy with larger electrostatic repulsion. 
 
Keywords: Polymer electrolyte membrane fuel cells, electrocatalyst, surface 
modification, hydrogen oxidation reaction, oxygen reduction reaction 
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1.1 Energy and environment 
Global warming has been one of the most critical issues in last few decades. CO2 
emissions form the combustion of fossil fuels is blamed for causing the greenhouse 
effect to increase. Emissions of CO2 from the combustion of fossil fuels increased 
at an average yearly rate of 1.3% from 1990 to 2007. According to the Kyoto 
protocol, the members of the United Nations Framework Convention on Climate 
Change (UNFCCC) should reduce the emission of greenhouse gases by 5.2% 
compared to that in 1990.  
According to International Energy Agency, 86% of the current global 
energy production comes from the combustion of fossil fuels. With the ever 
increasing world population, it is uncertain how long our available fossil fuel 
reserves will be able to meet our energy demand. Moreover, the environmental 
impact of fossil fuel combustion underlines the necessity of finding clean energy 
sources that will allow us to live and prosper without destroying the global climate. 
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Renewable energies, such as solar, wind, and geothermal energy have been 
suggested zero emission energy sources which does not generate greenhouse gases. 
Though the solar, wind or geothermal energies could be converted directly to 
electrical energy, hydrogen production from the renewable energies is preferred as 
the electricity form the renewable energy often had unstable current or voltage 
profiles and could not match the electricity demand. Adopting the hydrogen as an 
energy carrier can solve these problems. The hydrogen from the renewable energies 
can be converted to electrical energy with stable power profiles at the very time of 
power demanded.  
In this viewpoint, fuel cell is one of the most promising counterparts of 
hydrogen production from renewable energies in the “hydrogen economy” as the 
fuel cells convert directly the chemical energy of hydrogen to electrical energy. The 
energy conversion efficiency of fuel cells is as high as ~50 %, whereas that of 
thermal power generation is ~40%. Moreover, the power capacity of fuel cells can 
be easily expended by increasing the number of fuel cell stacks. Although the 
advantages of fuel cells for a renewable energy source, there still exists several 
technical barriers impeding the commercialization of fuel cells including high cost 




1.2 Fuel cell basics 
There are several types of fuel cells [1] can be categorized by the electrolyte used 
as summarized in Table 1.1. Among them, polymer electrolyte membrane fuel cells 
(PEMFCs) are considered attractive for automotive power sources, stationary 
generation, and residential power supplies due to their low temperature operation, 
quick start-up, and excellent environmental acceptability. Molten carbonate fuel cel 
and solid oxide fuel cell are being used for stationary applications as, in combined 
heat and power generation, the conversion efficiency of the molten carbonate fuel 
cell (MCFC) and solid oxide fuel cell (SOFC) can be over 85%. Alkaline fuel cell 
(AFC) is one of the oldest commercialized fuel cells which became known because 
of Apollo spacecraft. As the AFC requires pure hydrogen as a fuel, AFCs have 



















1.3 Polymer electrolyte membrane fuel cells (PEMFCs) 
1.3.1 Structure of the PEMFC 
PEMFC systems are consisted of fuel cell stack which generates electricity and 
balance of plant maintaining the fuel cell stack operation with gas feeding and 
temperature control. A unit cell in the fuel cell stack is composed of membrane 
electrode assembly (MEA), porous gas diffusion layer, and current collector which 
commonly combine fluid channels for fuel and oxidant. The MEA is principal 
component governing the energy conversion efficiency of PEMFC as the 
electrochemical reactions (HOR/ORR) occur in the electrode layer in the MEA. 
Proton conducting electrolyte membrane between the anode and cathode catalyst 
layer make a MEA.  
 
 1.3.2 Thermodynamics in PEMFC 
Maximum net work can be obtained from electrochemical reactions is described by: 
−ΔG = nF𝐸𝑟𝑥𝑛 
As the overall reactions in PEMFC is, 
H2 + 1/2O2 = H2O 
ideal cell voltage of PEMFC (E) under standard condition is 
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 is standard electrode potential differences between anode and cathode 
reaction, R is gas constant, T is temperature, n is number of electrons, F is 
Faraday’s constant, PH2 is hydrogen pressure, and PO2 is oxygen pressure. If the PH2 
= PO2 = 1 atm and water is liquid state, the ideal cell voltage is 1.229 V 
  
1.4 Electrode reactions in PEMFC 
1.4.1 Anode reaction 
The anode reaction in the fuel cell is electrochemical oxidation of hydrogen which 
produces 2 protons and 2 electrons form a hydrogen molecule. The hydrogen 
oxidation reaction (HOR) is one of the intensively studied electrochemical systems, 
which is counterpart of hydrogen evolution reaction (HER), and have brought 
renewed interest due to increased concerns on the fuel cells. The extensive studies 
on the HOR provided well described reaction mechanism which consisted of three 
elementary reactions: Tafel reaction (dissociative adsorption of hydrogen molecule 
without electron transfer), Heyrovsky reaction (dissociative adsorption of hydrogen 
molecule with electron transfer), and Volmer reaction (desorption of hydrogen 
atom with charge transfer) 
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Tafel reaction: 2S (surface active site) + H2 ⇄ 2S-H 





Volmer reaction: S-H ⇄ S + H+ e- 
In low overpotential reaction on Pt electrode, Volmer reaction followed by Tafel 
reaction (Tafel-Volmer pathway) was suggested to be principal reaction and the 
Tafel reaction is rate determining step (RDS) [2]. The Tafel-Volmer pathway is 
electrochemically reversible reaction and, thus, the kinetics of the HOR could be 
described as follows:  







where, E is applied potential, E
0
 is equilibrium potential, iL is limiting current 
dentiy, i is measured current density. 
The E
0
 can be deduced form the activity coefficient of hydrogen (γR) and 
hydronium ion (γO), and formal potential (E
0’
). 







The reaction rate of Tafel reaction had been studied on the various transition metals 
by Conway and Bockris using the HER in acidic electrolyte [3]. They showed 
linear relationship between logio and percent of d-character of metal electrode. The 
d-character of metals had positive relations with work function level. 
Recent remarkable progress in the computational simulations allowed detailed 
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investigation of reaction pathways of HOR/HER on various model electrode 
surfaces. Santos and Schmickler tried to match the theoretical prediction and 
experimental data using an electrochemical bond-breaking model which includes 
the effect of electrode potential, solvation of hydronium ion on the energy state of 
reaction species, and the effect of coupling constant.[4] The calculation suggested 
that high density of d-band stats near the Fermi level decrease the activation energy 
of HOR. Greeley et al. showed that the increase of hydrogen adsorption energy on 
Pt/M (M is transition metals) surface alloys lowers transition state energy or 
activation energy of HOR [5]. 
 
1.4.2 Cathode reaction 
The cathode reaction in PEMFC is electrochemical reduction of oxygen which 
produces water. In acidic condition, contrary to the anode reaction, HOR, the 
oxygen reduction reaction (ORR) is highly irreversible reaction with low exchange 






). The overall equation 





 → 2H2O, E
0
 = 1.229 V vs. NHE 
The ORR is a muli-electron reaction that may include numbers of elementary 
reactions involving chemical and electrochemical processes. Of the carious 
reaction pathways suggested, the simplified scheme given by Wroblowa et al. is 
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one of the most effective one to explain the ORR on metal surfaces (Figure 1.1). 
The reaction pathway 1) is direct reduction pathway.  
For reaction pathway 1), so called four electron pathway, the reaction rate of ORR 
could be described as follows [2]: 
iORR = nAFk







Where, n is number of electron involved in RDS, A is area, k0 is rate constant, CO2 
is oxygen concentration, θad is total coverage of adsorbing anions and γ and β is 
transfer coefficient (assumed to be 0.5), r is interaction parameter describing the 
rate of change of standard Gibbs free energy of adsorption with the surface 
coverage of adsorbing ions, and η is overpotential.  
In the stated equation, the symmetry factor, α, is the transfer coefficient which 
describes the symmetry of energy barrier on the reaction coordinate (figure 1.2). As 
shown in figure 1.2, in the narrow region of reaction coordinate, the curves are 
locally linear. Then, the angles θ and Φ are define by,  
tan 𝜃 =  𝛼𝐹𝐸/𝑥 
tan 𝜙 =  (1 − 𝛼)𝐹𝐸/𝑥 
Hence, 
α =  
tan 𝜃
tan 𝜙 + 𝑡𝑎𝑛 𝜃 
 
If the intersection is symmetrical, 𝜃 = 𝜙, and α = 0.5. In most systems, α turns out 
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to lie between 0.3 and 0.7, and it can usually be approximated by 0.5 in the absence 
of actual measurements [6]. 
In order to enhance the ORR activity, there could be several approaches based on 
the stated rate equation. One is increasing the rate constant by reducing the 
activation energy (Ea) of reaction. Greeley et al. reported that 6-10 fold activity 
increase compared to that of Pt was achieved with Pt-ETM (ETM: Y, Sc) alloy [7]. 
The Pt-Y alloy was suggested to have optimum free energy for ORR intermediates. 
The other is increase of site availability by decreasing the surface coverage of 
absorbing anions. Stamenkovic et al. showed that the Pt3Ni(111) surface is 10-fold 
more active for ORR than corresponding Pt(111) surface in acidic electrolyte [8]. 
The decrease of θOH, increasing the site availability for ORR, was attributed to the 
increase of ORR activity. Usually the two factors are concomitant and could not be 
varied independently as the primal and dominant reaction intermediate of ORR is 
hydroxyl ion. In another word, for homogeneous metal surfaces, tuning the 
adsorption energy of hydroxyl ion changes the activation energy of ORR and, at 

















Figure 1.2 Relationship of the transfer coefficient to the angles of intersection of 






1.5 Subject of the thesis  
Since electrocatalytic reactions are strongly dependent on the surface structure of 
metal catalysts, the atom-leveled design of the surface structure plays a significant 
role in a high catalytic activity and the utilization of electrocatalysts. Therefore, 
surface-modified electrocatalysts have attracted much attention due to their unique 
structure and new electronic and electrocatalytic properties. Various methods had 
been employed to achieve the surface-modified nanoparticles, such as under-
potential deposition (UPD), thermal treatment, spontaneous deposition, and 
successive reduction process. 
 Recent advances in the surface modified electrocatalysts have been focused 
on the so called “Pt-skin” structure which expected to have uniform monolayer of 
Pt on various substrates. The enhanced ORR activity of Pt skin on single crystal 
substrates had been suggested Marcovich et al. Adzic’s group reported various Pt 
skin electrocatalyst which was prepared using Cu displace reaction. The Pt skin 
catalyst showed 10-fold mass activity compared to Pt nanoparticle catalyst. 
Norskove’s group has intensively investigated the effect of substrate on the 
electronic structure and electrocatalytic properties of Pt skin catalyst. They 
suggested “d-band model” which describes the ORR activity of Pt skin catalysts 
using a one primal parameter, average energy level of filled 5d-band in Pt skin 
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layer.       
  Though heterogeneous atoms on the catalyst surfaces affecting the reaction 
mechanism is common sense, there had been little effort on investigating the effect 
of heterogeneous atoms on the catalysts surface for hydrogen oxidation reaction or 
oxygen reduction reaction, whereas, for methanol oxidation reaction, the effect of 
heterogeneous atoms, so called “bifunctional effect” had been widely investigated. 
Traditionally, the ORR and HOR characteristics of alloy which may have 
heterogeneous atoms on the catalyst surfaces had been investigated based on the 
bulk properties of alloy catalyst, such as electronic structure and lattice parameter, 
though intensive research had been conducted. 
  In this thesis, the effect of surface modification on the ORR/HOR activity 
was investigated using carbon supported nanoparticle catalysts which have various 
surface modification methods and discussed based on the effect of heterogeneous 
atoms in the catalyst surfaces. The surface modifications were conducted in three 
different ways: 1) deposition of Pt-sub-monolayer shell on Pd-core nanoparticles, 2) 
thermal treatment of Pt-Au alloy nanoparticles under CO or Ar gas which led to 
different surface Pt-Au compositions but identical bulk compositions, and 3) 
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2.1 Catalyst preparation 
2.1.1. Reagents 
Pd(OAc)2 (Aldrich Chemical, 99.9%), Pt(acac)2 (Aldrich Chemical, 99.9%), 
HAuCl4·3H2O (Aldrich Chemical, 99.9%), H2PtCl6·xH2O (Aldrich Chemical, 
99.99%), Na3C6H5O7 ·2H2O (Aldrich Chemical, ACS reagent), NaBH4 (Aldrich 
Chemical, ACS reagent), 1-decylalcohol (Aldrich Chemical, 99.9 %), RuCl3 
(Aldrich Chemical, 99.99%), SeO2 (Aldrich Chemical, 99.99%), Vulcan
®
 XC72 
(Cabot Corp., Boston, MA, USA), HClO4 (Aldrich Chemical, ACS reagent), 
methanol (Aldrich Chemical, ACS reagent), benzoic acid (Aldrich Chemical, 99%), 
and 2-propanol (Aldrich Chemical, HPCL grade) were used without further 
purification. All aqueous solutions were made with deionized (DI) water, which 





2.1.2 Pt-sub-monolayer-shell@Pd-core nanoparticles  
Pt-sub-monolayer-shell@Pd-core nanoparticles were prepared using a colloidal 
approach with modifications [1]. Briefly, the Pd salt and PVP were dissolved in 
200 mL of 1-decylalcohol. The solution was refluxed at 130ºC for 12 hours under 
an Ar atmosphere to obtain a dark brown colloid solution and then cooled to room 
temperature. The appropriate amount of Pt(acac)2 was dissolved in 20 mL of 1-
decylalcohol and added to the colloid solution. The mixture was refluxed at 130 ºC 
for 12 hours under an Ar atmosphere, and we obtained the Ptx@Pd (The x is the Pt 
surface concentrations calculated from HR-XPS intensities of Pt 4f and Pd 3d) 
colloid solution. Carbon black powder (0.1801 g, Vulcan
®
 XC-72) and a benzoic 
acid/methanol solution were added to the Ptx@Pd colloid solution to obtain carbon 
supported Ptx@Pd nanoparticles (Ptx@Pd/C). The Ptx@Pd/C was washed with a 
large volume of methanol and water to remove impurities and then dried at room 
temperature. Carbon supported Pd nanoparticles (Pd/C) were also prepared with 
the same procedure as the Ptx@Pd/C, except for the addition of Pt salt.  
 
2.1.3 Surface-modified PtAu alloy nanoparticles  
Carbon supported PtAu nanoparticle catalysts (40 wt% PtAu/C) were prepared by 
modifying the method from previous work done by our group [2]. Briefly, an 
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appropriate amount of H2PtCl6·xH2O (0.128 mmol), HAuCl4·3H2O (0.128 mmol), 
and sodium citrate (0.068 mmol) was dissolved in 800 ml of DI water. Under 
vigorous stirring, an aqueous solution of sodium citrate (0.034 mmol) and sodium 
borohydide (2.64 mmol) was quickly added to the precursor solution. The color of 
the solution immediately changed from transparent yellow to translucent dark 
brown, indicating colloid formation. After thirty minutes, 0.075 g of carbon support 
(Vulcan-XC72) was added to the colloid solution and stirred for 12 hr and followed 
by addition of 200 ml of a 0.2 M HClO4 solution. The mixture was filtered and 
washed with a copious amount of water. The catalyst was dried at room 
temperature and denoted as PtAu-AP. The surface segregation process was 
conducted using a tube furnace at 423 K for 1 hr under a CO (99.9 %) or Ar 
(99.999 %) atmosphere to achieve a Pt or Au segregated surfaces, which was 
denoted as PtAu-CO and PtAu-Ar, respectively. The CO or Ar flow during surface 






2.1.4 Se-modified-Ru nanoparticles on carbon support 
The Ru/C and RuSey/C catalysts were prepared by a reported procedure [3]. Briefly, 
Vulcan XC-72 carbon was dispersed in 250 mL of water with ultrasonic agitation 
and stirring. Appropriate amount of RuCl3 and SeO2 were dissolved in the 
carbon/water mixture. Before the chemical reduction process, the reaction vessel 
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was purged with Ar for 1 hr. The precursor-carbon mixture solution was heated up 
to 80 ºC and cooled to room temperature. An aqueous solution of NaBH4 in 0.1 M 
NaOH (20 mL) was added drop wisely to the mixture solution using a syringe 
pump for 2 h and a black precipitate was obtained. The black precipitate, RuSey/C, 
was filtered and washed with copious amount of water and dried under vacuum. 
For Ru/C, the same procedure for RuxSey/C was adopted without addition of SeO2. 
The catalysts were stored in vacuum desiccator to prevent further oxidation of 
catalyst. The nominal Ru-to-carbon ratio was 20% by weight and the atomic ratios 
of Se-to-Ru were nominally 33%, 66% and 133%.  
 
2.2 Physicochemical characterizations 
2.2.1 X-ray diffraction 
X-ray diffraction (XRD) is a non-destructive, relatively easy, and fast analyzing 
technique in examining the structure of materials. The diffractions originated the 
existence of phase relations between two or more X-ray waves. In the case of X-
ray diffraction of a crystal, an interaction between the incident X-ray and the 
crystalline planes which satisfy Bragg condition make constructive interference. 
nλ = 2d sin 𝜃 
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where, n is the order of diffraction (natural number), λ is wave length of the X-ray, 
d is the distance between crystalline planes, and θ is incident angle of X-ray. In θ-
2θ scan mode, the diffraction angle of perfect crystal gives crystallographic 
structure of materials, such as crystal structure and lattice parameter. Imperfectness 
of crystal make line broadening of diffraction peak which is commonly represented 
by full with half maxima (FWMH). As the finite size of crystal gave increase of 
FWHM which follows the Scherrer equation, the crystalline size of nanoparticles 





Where, L is crystalline size, K is constant which is subject to the shape of crystals, 
λ is wave length of X-ay, B is the FWMH in radians, and θ is diffraction angle of 
the crystal plane.  
In this thesis, the XRD analysis was performed using a D/MAX 2500 
(Rigaku) or MINI FLEX diffractometer (Rigaku) with an X-ray wave length of 
0.154056 nm. 
 
2.2.2 Transmission electron microscopy 
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Transmission electron microscopy (TEM) constitutes one of the most efficient and 
versatile tools for the characterization of materials over spatial ranges from the 
atomic scale up to the micrometer level. Extremely short wavelength of electron 
beam (~4 pm for electron energy of 100 keV) allowed characterizing the atomic 
arrangement of the materials with a spatial resolution of below ~0.1 nm [4]. TEM 
is impressive instrument for the characterization of nano-sized materials with a 
number of advantages: powerful magnifications, elemental resolution with a 
scanning prove apparatus, and an intuitive grasp of the structure and shape of nano-
materials. However, as here exist potential limitations of TEM analysis, such as 
projection artifact, electron beam damage, and narrow sampling range, careful 
attention is needed analyzing the TEM images.  
In this thesis, TEM images were taken by using a JEOL 2010 or TEKNI 
F-20 electron microscope for TEM and scanning transmission electron microscopic 
images, respectively, at the acceleration voltage of 200 kV. The samples were 
prepared by dispersing a small part of catalyst powder in ethanol with ultrasonic 
agitation. Then, the catalyst/ethanol mixture was dropped onto a carbon coated 




2.2.3 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is one of the most widely used surface 
analysis technique because of its relative simplicity in use and data interpretation. 
XPS utilizes photo-ionization and analysis of the kinetic energy distribution of the 
emitted photoelectrons to study the composition and electronic state of the surface 
region of a sample. Photoelectron spectroscopy is based upon a single photon in-
electron out process. The energy of a photon of all types of electromagnetic 
radiation is given by the Einstein relation: 
E = hν 
where, h is Planck constant (6.62 x 10
-34
 J s) and ν is frequency (Hz) of the 
radiation. 
The kinetic energy distribution of the emitted photoelectrons can be 
measured using any appropriate electron energy analyzer. Since the electron's 
energy is present solely as kinetic energy (KE) this can be rearranged to give the 
following expression for the KE of the photoelectron: 
KE = hν – BE - qΦsp 
Where, BE is the difference in energy between the ionized and neutral atoms, so 
called “binding energy” and Φsp is work function of the analyzer (3~4 eV). As the 
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KE depends on the incident X-ray energy, the X-ray being monochromatic is 
important.  
The chemical surrounding of the X-ray absorbing atoms affect the BE, the 
chemical state of materials could be analyzed comparing the BEs of samples to 
known reference materials. The BEs for elements and compounds are easily 
available in handbooks and graphs. 
As the mean free path of the photoelectrons in metals are below a few 
nanometers, despite the deeper penetration of the incident X-rays, XPS is 
considered surface sensitive method. As the penetration depth of photoelectrons is 
governed by the KE of the photoelectron, the higher incident X-ray energy 
provides the deeper analyzing depth. Despite the short penetration depth of 
photoelectrons from conventional X-ray sources, the XPS signal contains bulk 
properties as well as surface properties of materials if one analyzes nano-sized 
samples. Thus, care should be taken in analyzing XPS data from nano-sized 
materials. 
In this thesis, two X-ray sources were used to characterize the surface 
structure of the catalysts: synchrotron radiation in Pohang Acceleration Laboratory 
(PAL) and Al Kα radiation. Using a synchrotron radiation source (8A in PAL) 
(Figure 2.1) allowed changing the energy of incident X-ray form 1k eV to 0.1k eV. 
25 
 
The decrease of incident X-ray energy led to the decrease of photoelectron mean 














2.3 Electrochemical characterizations 
 2.3.1 Cyclic voltammetry 
Cyclic Voltammetry (CV) is one of most effective and versatile technique available 
for the study of redox systems. In general redox system, 
O +  𝑒−  ⇆ 𝑅 
due to the periodical inversion of potential sweep directions, surface concentration 
of O or R changes periodically. The maximum concentration of O or R can be 
achieved in the point of inversion. Similarly, adsorption/desorption of 
electrochemical species on electrodes also can be analyzed easily using the CV.  
For the analysis of electrocatalysts for fuel cell applications, generally carbon 
supported Pt nanoparticles, adsorption/desorption of hydronium ion and hydroxyl 
anion was primal concern as the adsorbed hydronium ion and hydroxyl anion were 
major reaction intermediates of HOR and ORR, respectively.  
 
2.3.2 Rotating disk electrode technique 
Rotating disk electrode (RDE) technique is a primal electrochemical technique in 
which the electrode moves with respect to the solution. The methods involving 




Among the hydrodynamic methods, RDE is one of the few system for which the 
hydrodynamic equations and convective-diffusion equation have been solved 
rigorously for steady state. The RDE is consisting of a disk of electrode material, 
commonly glassy carbon or platinum, in a rod of insulating material (Figure 2.2).  
The general equation of the flux species j, Jj, is  
𝑱𝒋 =  −𝐷𝑗𝛁𝑪𝒋 −  
𝑍𝑗𝐹
𝑅𝑇
𝐷𝑗𝐶𝑗𝛁∅ + 𝐶𝑗𝐯 
where the “−𝐷𝑗𝛁𝑪𝒋” represents diffusion term, “− 
𝑍𝑗𝐹
𝑅𝑇
𝐷𝑗𝐶𝑗𝛁∅” is for migration, 
and “𝐶𝑗𝑉” describes convection. For solutions containing excess of supporting 
electrolyte, the ionic migration, “− 
𝑍𝑗𝐹
𝑅𝑇
𝐷𝑗𝐶𝑗∇∅”, can be neglected. The velocity 
vector, v, represents the motion of the solution and is given in rectangular 
coordinates by 
𝐯(𝑥, 𝑦, 𝑧) = 𝐢𝑣𝑧 +  𝐣𝑣𝑦 +  𝐤𝑣𝑧 
where i, j, and k are unit vectors, and vx, vy, and vz are the magnitude of the 
solution velocities in the x, y, and z directions at point (x,y,z). 













The variation of Cj with time is given by 
𝝏𝑪𝑗
𝝏𝒕
=  −𝛁 ∙ 𝐉𝑗 
By combining the general flux equation and the velocity vector equations, 
assuming that the migration is absence and the diffusion coefficient, Dj, is not a 




2𝐶𝑗−𝐯 ∙ 𝛁𝐂𝑗 
In RDE conditions, the velocity profile, v, of a fluid near a rotating disk was given 
by von Karman and Cochran by solving the hydrodynamic equations under steady-
state [5, 6]. For cylindrical coordinates (figure 2.3), the velocity profile is, 
𝐯 = 𝝁𝟏𝑣𝑟 + 𝝁𝟐 𝐣𝑣𝑦 +  𝝁𝟑𝑣𝜙 
𝛁 =   𝝁𝟏 (
𝜕
𝜕𝑟
) + 𝝁𝟐 (
𝜕
𝜕𝑦







where, 𝝁𝟏, 𝝁𝟐, and 𝝁𝟑 are unit vectors in the dirctions of position changes of r, y, 
and ∅ at a given position.  
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At a fixed RDE rotating speed of ω, the steady state convective-diffusion equation, 
































Adopting the boundary conditions at limiting current state, y=0, Co==, and 
lim𝑦→0 𝐶𝑜 =  𝐶𝑜
∗, one can obtain the Levich equation: 




where, n is number of electrons involved the reaction, A is area, Do is diffusion 
coefficient of reactant, ω is rotating speed of RDE, ν is kinematic viscosity of 
electrolyte, and Co
*
 is bulk concentration of reactant. 
In the study, the electrochemical data collected using the RDE technique 
was analyzed using the Koutechy-Levich equation: 
1
𝑖









where, i is the measured current and ik is kinetic current which reflected the activity 






               












2.3.3 CO electrooxidation 
Electrooxidation of pre-adsorbed CO molecules, so called “CO stripping 
voltammetry”, on electrocatalysts has been widely adopted to investigate the 
electrochemical properties of Pt or platinum group metal nanoparticle catalysts. 
The mechanism of electrochemical oxidation of CO on Pt electrode is given 
follows [7]:  
Pt + CO → Pt-COad 










The oxidation rate of CO on Pt single crystal electrodes have been rigorously 
investigated in acidic solutions. The reaction was well characterized with 
Langmuir–Hinshelwood model and RDS was reaction between COad and OHad [8]. 
 
2.3.4 CO-displacement method 
In order to determine potential of zero total charge (PZTC), CO-displacement 
method reported by Orts et al. was employed [9]. The PZTC was determined form 
the voltammetric contributions of specifically adsorbed anions that was displaced 
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by neutral prove, CO. Briefly, CV was recorded in Ar saturated electrolyte to 
characterize the total charge contribution of anion and cation in the potential range 
where is expected to cover PZTC. Then, CO was introduced into the Ar saturated 
electrolyte at a constant electrode potential, 0.05 V. During CO adsorption, the 
resulting displacement current was recorded and calculated into charge by 
integration. In order to calculate PZTC, the CO-displacement charge was 
subtracted from the charge contributions determined form CV. The PZTC is a 
potential where the subtraction equals zero. The schematic of calculating the PZCT 
form the charge contributions of CO-displacement and CV was presented in Figure 
2.4. At CO adsorption potential (Ead), total CO-displacement charge is sum of the 
anionic contributions and cationic contributions (Q
total
CO-displaecement). Note that the 
anionic (Q
-
CO) and cationic (Q
+
CO) charges due to the CO-displacement have 
opposite direction. At the potential of E where the CO displacement charge is equal 










CV is cationic charge contribution of CV, in this case underpotentially 
adsorbed hydrogen, and Q
-
CV is anionic charge contribution of CV.  


















E represent surface charge from cations and anions, respectively.  


















Thus, from the definition of PZTC, the potential of E where the charge 








Figure 2.4 Schematic representation of method for calculating PZTC from the CO-
displacement charge (Q
totoa
CO-displacement) and charge contribution of CV (QCV).  
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2.4. Electrochemical in-situ X-ray absorption spectroscopy 
2.4.1 X-ray absorption spectroscopy (XAS) 
X-rays are ionizing radiation and thus, by definition, have sufficient energy to eject 
a core election from an atom. Each core level has a distinct binding energy, and 
thus, there is an abrupt increase in absorption cross-section, so called “absorption 
edge” during energy scan of X-ray through the binding energy of a core level. 
(figure 2.5a) The X-ray absorption can be understood form the Fermi’s Golden 
Rule which describes transition rate from an initial state to a final state that is part 
of a continuum of states:  








Where, 𝒲 is transition rate, 𝒫(𝑡) is probability of finding the system in the 
eigenstate |𝜑𝑓⟩, 𝑊𝑓𝑖 is perturbation matrix element of the transition from initial 
state to final state, and 𝜌(𝐸𝑓𝑖) is density of state. 
The XAS often interpreted two regions: X-ray absorption near edge 
structure (XANES) and Extended X-ray absorption fine structure (EXAFS) region 
(figure 2.5b). Despite the same fundamental physics governing the photoabsorption 
over the entire XAS region, the EXAFS and XANES are widely used as the 
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EXAFS and XANES regions are commonly analyzed differently. XANES is 
sensitive to the oxidation state and chemical environment of absorbing element, but 
hardly analyzed quantitatively. Contrary, the EXAFS region is sensitive to the 
radial distribution of electron density around the absorbing atoms and is useful to 
analyze quantitatively the bond length and coordination number. 
Schematic representation of XAS apparatus was shown in Figure 2.6. The XAS 
apparatus consists of an X-ray source, a double-crystal monochrometer (DCM), 
detectors collecting the intensities of incident beam (i0), fluorescence (if), reference 
(ir), and transmission (it), and data acquisition system.  
XAS of Pt LIII were measured in 10A beamline of PAL. Before the 
measurements, X-ray energy was calibrated respect to the Pt LIII edge energy of Pt 
foil. The incident X-ray flux was detuned by 30 % to banish high order harmonics 
from Si(111) monochrometer. XAS spectra were collected using a fluorescence 
detector in air ambient and recorded. The XAS data were process to obtain the 
absorbance and analyzed with ATHENA and ARTHEMIS software. The pre-edge 
absorption was corrected using a linear fit of data in the range of from -200 to -70 
eV respect to absorption edge energy (E0). The E0 was determined from the first 
inflection point of first derivative of absorption edge. The XANES spectra were 




Figure 2.5 (a) Low resolution and higher resolution (inset) X-ray absorption 
spectrum for Pb. (b) Schematic illustration of an X-ray absorption spectrum, 
showing the structured absorption that is seen both within ca. 50 eV of the edge 










Figure 2.6 Typical XAFS setup diagram. The five parts of the experiment are (1) 
the X-ray source from synchrotron radiation, (2) the optics, monochrometer, (3) 








2.4.2 Electrochemical in-situ XAS 
In-situ XAS of Ru K and Se K were measured in 10C beamline of PAL with a 
homemade electrochemical cell. Figure 2.7 and Figure 2.8 gave a schematic and 
real image of electrochemical cell for XAS, respectively. The cell was made of 
polytetrafluoroethylene (PTFE) to avoid corrosion of electrochemical cell during 
measurement.  
The working electrode was catalyst coated carbon paper (Toray 10 BC). 
Before measurement, the working electrode was fully hydrated in contact with 
deionized water to achieve facile proton transfer in the catalyst layer. The working 
electrode was place in the electrochemical cell, and then CV was carried out in the 
potential range of -0.2 V ~ 0.8 V respect to NHE with a scan rate 5 mV s
-1
. The 
XAS was recorded under constant potentials of 50 mV, 300 mV, 600 mV, 800 mV 
and 1 V. Total collection time of XAS for the five electrode potentials was ~5 h. A 
silver/silver chloride and a glassy carbon rod were used as a reference and counter 
electrode, respectively. In order to investigate the effect of phosphoric acid 
adsorption on the XAS of Ru/C and RuSey/C catalyst, XAS measurement was 
performed in Ar-purged 0.1 M HClO4 and 0.1 M HClO4 + 10 mM H3PO4 solution. 
Electrode potential of the working electrode was controlled by a PGSTAT 
potentiostat (AUTOLAB).  
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Before the measurements, the photon energy of incident X-ray was 
calibrated respect to the Ru K and Se K edge energy of corresponding reference 
foil, respectively. The incident X-ray flux was detuned by 50 % to banish high 
order harmonics from Si(111) monochrometer. XAS spectra were collected using a 
fluorescence detector in air ambient and recorded. The XAS data were process to 
obtain the absorbance and analyzed with ATHENA and ARTHEMIS software. The 
pre-edge absorption was fitted using a linear fit of data in the range of from -200 to 
-70 eV respect to E0 and followed by extrapolation over the energy range of 
measurement and subtracted from the XAS data. The background corrected XAS 
data was normalized using an extrapolation of a third-order polynomial fit of XAS 
data over the 150-1000 eV respect to E0. 
The Extended X-ray absorption fine structure (EXAFS) spectra were 
isolated from the normalized XAS by subtracting a background which was 
approximated with a piecewise spline. The k
2
-weighted EXAFS function, χ(k
2
), 
was Fourier Transformed to radial distribution functions to show the distance and 
coordination of the neighboring atoms around absorbing atoms. The Fourier 
Transform was performed in the k range of 2-3 Å  (kmin) ~ 12-13 Å (kmax). Kaiser-
Bassel function was adopted as a window function. The R-range of the radial 
distribution function was restricted to 1-4 Å  to avoid meaningless signals and 
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Results and discussion 
 
3.1 Pt-sub-monolayer-shell on Pd-core nanoparticles  
Carbon supported Pt nanoparticles have been considered one of the most efficient 
catalysts for HOR and ORR but limited deposits and the high price of Pt are crucial 
obstacles for commercialization of PEMFC. To reduce Pt consumption, Pt skin 
electrocatalysts, so-called “core/shell”, which have Pt overlayers on other metals, 
have been suggested, because the electrochemical reactions only occur on the 
catalyst surfaces. In addition to high Pt utilization, the electrochemical activity of 
Pt overlayers is enhanced by the substrates due to interactions between Pt 
overlayers and the substrate [1]. Thus, there have been many attempts to make thin 
Pt films on various metal nanoparticles for PEMFC applications [2-8]. 
Due to ligand and geometric effects, Pd is one of the most efficient core 
materials for core/shell electrocatalysts of the HOR and ORR [9]. As the effect of 
substrates is known to be limited to a few overlayers, generating uniform Pt shells 
on Pd nanoparticles is a significant issue to achieve high catalytic activity with 
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minimized Pt use. The Pt shells on Pd or Pd alloy nanoparticles have been 
synthesized by electrochemical methods [1, 5, 10] and chemical reduction 
processes [2, 11-15]. Adzic et al. reported that uniform Pt shells could be prepared 
on Pd nanoparticles by an electrochemical method to provide Pd-core/Pt-shell 
catalysts with enhanced activity [5]. 
Monolayer or more Pt shells on Pd nanoparticles have been widely 
investigated for core-shell catalyst development, but a sub-monolayer Pt shell on 
Pd nanoparticles has received less attention. As the sub-monolayer core-shell 
electrocatalysts have heterogeneous atoms on their surface, the electrochemical 
properties of the sub-monolayer core-shell nanoparticles may differ from those of 
monolayer or multilayer Pt shell electrocatalysts. Heterogeneous atoms on the 
surface can change the adsorption strength of ions [16], and provide different active 
site for reactions with an ensemble effect [17-19]. 
In this study, sub-monolayer modified Pt-shell@Pd-core nanoparticles on 
carbon support (Ptx@Pd/C) with various Pt surface concentrations were prepared 
using a colloidal method and characterized to investigate the effect of Pt deposition 
on the HOR activity of Ptx@Pd nanoparticles. Defect sites in the Pt-shell@Pd-core 
nanoparticles were investigated using electrochemical methods. The oxidation state 
of the Pd surfaces and Pt shell in the Pt-shell@Pd-core nanoparticles were 
examined with high resolution-X-ray photoelectron spectroscopy (HR-XPS) and 
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XAS, respectively. HOR activity was measured to investigate the effect of Pt shell 
growth on the Pd nanoparticles. 
 
3.1.1 Crystalline structure of the Ptx@Pd/C 
Figure 3.1 shows the HR-TEM images of the catalysts. The Ptx@Pd nanoparticles 
had narrow size distributions. The mean particle diameter of the catalysts (Figure 
3.2) was 3.08, 3.07, 3.06, 3.19, 2.98, 2.99, and 3.02 nm for Pd/C, Pt0.8%@Pd/C, 
Pt1.7%@Pd/C, Pt2.2%@Pd/C, Pt4.9%@Pd/C, and Pt5.7%@Pd/C, respectively, and did 
not show any significant size change during Pt deposition. 
 The XRD of Ptx@Pd/C showed little changes in XRD pattern compared to that 
of Pd/C suggested little changes in the crystallographic structure of Ptx@Pd/C 
during Pt overlayer deposition process (Figure 3.3). The Pd/C showed superposed 
diffraction peaks of Pd (111) and (200) phase at the 2θ angle of 39.5 ° and 43.3 °. 
The diffraction angles of Pd (111) and Pd (200) in Pd/C shifted negative directions 
compared to those of bulk Pd crystal (PDF# 60-6174) suggesting existence of 
carbon or oxygen contaminations in the Pd nanoparticles [20]. The HR-TEM and 
XRD analysis showed that the crystalline structure of Pd nanoparticles hardly 





Figure 3.1 TEM image of (a) Pd/C, (b) Pt0.8%@Pd/C, (c) Pt1.7%@Pd/C, (d) 





Figure 3.2 Size distribution of Ptx@Pd nanoparticles in (a) Pd/C, (b) Pt0.8%@Pd/C, 








Figure 3.3 X-ray diffraction pattern of (a) Pd/C, (b) Pt0.8%@Pd/C, (c) Pt1.7%@Pd/C, 








3.1.2 Surface structure of the Ptx@Pd/C 
Total Pt concentrations in the Ptx@Pd nanoparticles (number of Pt atoms/number 
of Pd and Pt atoms) were determined using HR-XPS (Figure 3.4). HR-XPS was 
conducted with an 8A1 beamline in the Pohang Acceleration Laboratory (PAL). Pd 
and Pt binding energies were calibrated with respect to the energy of Au 4f7/2. 
Intensities of photoelectrons are given following the basic equation for a plane 
surface, 




where I is intensity, σ is the photoionization cross-section, N is the number of 
atoms, d is depth, and λ is the inelastic electron mean free path. The total 
photoelectrons from Ptx@Pd nanoparticles are given by integrating individual 
photoelectrons from Pt or Pd atoms, and the photoelectron intensity depended on 
their position in the Ptx@Pd nanoparticles. With simple assumptions (only topmost 
Pt sub-mono-layer and uniform spherical nanoparticles), we obtained the total 









































where Itotal is total intensity of a photoelectron, σi is photoionization cross-section 
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of i, Ni is the number of total i atoms in a Ptx@Pd nanoparticle, R is the radius of a 
nanoparticle, r is the distance from the center of the nanoparticle, and λi is the 
inelastic electron mean free path of photoelectrons from i. 
The HR-XPS measurements were conducted with 630 eV of X-ray energy, 
and the work function of the analyzer was 2.5 eV. Thus, kinetic energies of 
photoelectrons from Pt 4f and Pd 3d were approximately 560 eV and 300 eV, 
respectively. Empirically, λ is directly proportional to the three-fourth power of the 
kinetic energy. Here, we adopted 13 Å  and 7 Å  for the mean free path of 
photoelectrons from Pt and Pd, respectively [21]. The XAS analysis was conducted 
in the 10A beamline (high flux XAS apparatus) at PAL. The PAL storage ring was 
operated at electron energy of 2.5 GeV and an electron current of 150 ~ 170 mA. 
All X-ray absorption spectra were taken in fluorescence mode under ambient air. 
Total Pt concentrations were calculated from photoelectron intensities of 
Pt 4f and Pd 3d [22], and was 0.25, 0.53, 0.73, 1.62, and 1.89% for Pt0.8%@Pd/C, 
Pt1.7%@Pd/C, Pt2.2%@Pd/C, Pt4.9%@Pd/C, and Pt5.7%@Pd/C, respectively. 
 The Pt surface concentration (number of surface Pt atoms/number of total 
surface atoms in Ptx@Pd nanoparticles) was calculated to be 0.76, 1.70, 2.17, 4.85, 
and 5.72% for Pt0.8%@Pd/C, Pt1.7%@Pd/C, Pt2.2%@Pd/C, Pt4.9%@Pd/C, and 
Pt5.7%@Pd/C, respectively, from the total Pt concentration and the average size of 
the nanoparticles (3.1 nm) with an assumption of the topmost Pt layer on uniform 
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spherical nanoparticles (figure 3.5). 




 The effect of Pt deposition on the surface oxidation state of Pd nanoparticles 
was examined by analyzing the Pd 3d XPS. The atomic ratio of Pd(0) increased by 
13.4 % and 23.4 % in Pt0.8%@Pd/C and Pt1.7%@Pd/C, respectively, compared to that 
in Pd/C (Figure 3.6). A further increase in the Pd(0) ratio was not detected at the 
higher Pt concentration. The decrease in Pd oxidation state in Ptx@Pd/C seemed to 
be attributed to dissolution of Pd surface oxide due to galvanic displacement, as the 
standard reduction potential of Pt is more positive than that of Pd. The binding 
energies of Pd 3d hardly changed during Pt deposition, indicating that the electron 
transfer from Pt to Pd was negligible at Pt surface concentrations < 5.7%. 
 The Pt oxidation state in the Ptx@Pd nanoparticles was investigated by Pt LIII 
XAS with a high flux XAS apparatus at the PAL (10A beam line). The XANES of 
Ptx@Pd/C was presented in figure 3.7. The white line intensity (∆μ) reflecting the 
oxidation state of Pt gradually increased with the increase in Pt concentration 
(Figrue 3.8):   
∆μ = μmax – μ
0 
Where, μmax is maximum normalized X-ray absorbance and μ
0
 is normalized 
absorbance of Pt LIII edge. 
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 The white line intensity in the Pt LIII edge implied unoccupied 5d state 
resulting from Pt-O bond formation or electron transfer from Pt to Pd [23]. The 
increase in ∆μ seemed to be attributed to the increase in the Pt-O bond, as electron 
transfer from Pt to Pd was negligible (Pd 3d XPS) [24, 25]. 
 To characterize the increase in the Pt-O bond with the increase in Pt 
concentration, the k
3
-weighted Fourier transform (FT) of the Pt LIII EXAFS spectra 
was analyzed for Pt2.2%@Pd/C, Pt4.9%@Pd/C, and Pt5.7%@Pd/C, which provided 
reliable S/N ratios in the EXAFS region. In EXAFS spectra, more Pt-O bonding 
was confirmed from the increased intensity of the first shell (2.05 Å ) [26] with an 
increase in Pt concentration, which agreed with the increase in white line 
intensities (Figure 3.9). In addition, smaller contributions of Pt-Pt or Pt-Pd bond 
were observed with higher Pt concentration from the second shell intensity (2.75 
Å ). 
 The more oxidized Pt shell in the higher Pt concentrations could be understood 
in terms of preferred deposition of the Pt shell. Considering that Pt adatoms on the 
Pd nanoparticles may have preference for a more stable site, higher Pt-Pt or Pt-Pd 
contributions in Ptx@Pd nanoparticles at the lower Pt concentration was reasonable, 
because the first Pt adatom deposited on a Pd nanoparticle may sit on the most 
stable site for higher coordination, i.e., step edges or kink. As the Pt concentration 
increased, fewer stable sites remain, which provided more Pt-Pd coordination. In 
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other words, the total defect site on the Ptx@Pd nanoparticles decreased with an 








Figure 3.4 (A) Pt 4f and (B) Pd 3d XPS of (a) Pd/C, (b) Pt0.8%@Pd/C, (c) 

























Figure 3.7 XANES spectra of (a) Pd/C, (b) Pt0.8%@Pd/C, (c) Pt1.7%@Pd/C, (d) 
















Figure 3.9 Radial distribution function of FT of k
3
-weighted Pt LIII EXAFS spectra 






3.1.3 Electrochemical characterization 
Electrochemical measurements were conducted in a temperature-controlled 
electrolyte with a saturated calomel reference electrode. All experiments were 
conducted nonisothermally. Reference electrode temperature was kept constant 
(25 °C), whereas the temperature of the working electrode was varied from 2 to 
18 °C. The reference electrode was separated from the working electrode 
compartment by an electrolyte bridge with a proton membrane connector to avoid 
chloride contamination. The reference electrode potential was corrected with 
respect to the reversible hydrogen electrode (RHE) using a homemade RHE before 
measurement. A catalyst-coated glassy carbon (GC, 0.196 cm
-2
) substrate was used 
as the working electrode. Catalyst ink was made of Ptx@Pd/C catalyst, 5 wt% 
Nafion
®
 solution, and 2-propanol. The catalyst ink (5 μL) was dropped onto the GC 
substrate and dried at 70 °C to prevent detaching of the catalyst during 
measurement.  
Cyclic voltammogram (CV) were taken in an Ar saturated 0.1 M HClO4 
solution with a scan rate of 50 mV s
-1 
at 20 ºC. Before the CV measurements, 
potential cycling from 0 V to 0.4 V was repeated until the voltammogram was 
stable. Electrooxidation of irreversibly adsorbed CO (so-called CO stripping 
voltammetry) was conducted in the same electrolyte with the CV measurement. For 
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CO adsorption, the electrolyte was purged with 100 % CO at the electrode potential 
of 50 mV for 20 min followed by Ar purging for 30 min to remove CO from the 
electrolyte. The CO was oxidized with CV in the potential range of 0.05 ~ 1.1 V 
and a scan rate of 20 mV s
-1
. HOR polarization was examined under hydrogen 
saturated 0.1 M HClO4 at 2 ~ 18ºC with a RDE rotation speed of 1600 rpm and a 
scan rate of 5 mV s
-1
. Our catalysts contained ~5 wt% metal nanoparticles to avoid 
high rotation speed, which can evoke turbulent flow [27]. 
 To investigate adsorption strength of hydrogen, CO adsorption strength was 
characterized with CO stripping voltammetry, as the CO bond strength has a 
positive relationship with hydrogen bond strength. In CO stripping voltammetry 
(Figure 3.10), the peak potential of CO electrooxidation (Ep) in Ptx@Pd/C shifted 
positive with an increase in Pt concentrations (from 972 mV to 952 mV for 
Pd0.8%@/C and Pt5.7%Pd@/C). The positive shift in Ep indicates weaker CO 
adsorption with higher Pt concentrations and Pt shell formation on Pd nanoparticles 
[28, 29]. The decrease in the ratio between the main peak (ip) and the tail of the 
oxidation current at 1.05 V (i1.05) also suggested weaker CO adsorption with higher 
Pt concentration (Figure. 3.11). The tail of the CO stripping voltammetry represents 
electrooxidation of strongly adsorbed CO, as the electrooxidation rate of CO at a 
high overpotential region is (>EP) governed by the diffusion rate of the adsorbed 
CO on the electrode surface [30-33]. Thus, a positive shift of EP and depression of 
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tails in the CO stripping voltammetry suggests a decrease in strongly adsorbed CO 
on the Ptx@Pd nanoparticles and, therefore, a decrease in adsorption energy of 








Figure 3.10 CO stripping voltammogram of (a) Pd/C, (b) Pt0.8%@Pd/C, (c) 










Figure 3.11 CO electrooxidation current density ratio (ip/i1.05) (■) and peak 




3.1.4 HOR activity 
HOR polarization on Ptx@Pd/C was examined using a RDE in 0.1 M HClO4 to 
investigate the effect of Pt deposition on the Pd nanoparticles. The exchange 
current density (i0) (Figure 3.12) was calculated with the following relationship 
using potential-current profiles of the “micropolarization region” [34]: 
i = i0(ηF/RT)          
where i is measured current density and η is overpotential (~10 mV).  
 Compared to i0 of Pd/C (0.56 mA cm
-2
), that of Ptx@Pd/C was increased 3.5 
times to achieve 1.96 mA cm
-2
 (Pt4.9%@Pd/C), which was comparable to reported i0 
values of Pt surfaces [34-37]. As the surface Pt concentration of 4.9 % 
corresponded to the total concentration of 1.6 %, it can be concluded that we 
achieved comparable enhancement of HOR activity with 1/3 the Pt consumption 
compared to our previous Pt-Pd alloy nanoparticles and demonstrating 3.4-fold 
increase in HOR activity with total Pt concentrations of 5% [38]. 
 To investigate the reaction mechanism of HOR on Ptx@Pd surfaces, apparent 
enthalpy (∆H
0#
) was determined by plotting Arrhenius plots (i0 vs. 1/T) (Figure 
3.13). 





i logd o#0 
)(
)(
    
With the higher Pt concentration, the calculated ∆H
0#
 initially decreased 
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significantly from 99 kJ/mol (Pd/C) to 55.2 kJ/mol (Pt1.7%@Pd/C), but became 
virtually constant with a Pt surface concentration > 1.7% (Figure 3.14). As the 
∆H
0#
 represents activation energy of RDS, the Ptx@Pd/C HOR mechanism can be 
investigated with variations in Pt surface concentration. 
 Rau et al. reported the kinetic parameter analysis of HOR on Pd thin film and 
showed that the Tafel–Volmer pathway is dominant in the low overpotential region 
(~40 mV) [39]. The Tafel reaction involves dissociative adsorption of molecular 
hydrogen and the Volmer reaction involves desorption of hydrogen atom. The 
Volmer reaction was RDS on the Pd surface, as the Volmer reaction rate on Pd (υ
V
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). Ignoring the effect of the interactions between Pt and Pd atoms 
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Ptx@Pd is the Volmer reaction rate on Ptx@Pd nanoparticle surfaces and x is 
the Pt surface concentration. As the υ
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This suggested that the RDS of HOR on Pd/C and Pt0.8%@Pd/C was the Volmer 
reaction, whereas that on Pt1.7%@Pd/C ~ Pt5.7%@Pd/C was the Tafel reaction. As the 
weaker hydrogen adsorption lead to a faster Volmer reaction, the ∆H
0#
 on 
Ptx@Pd/C at x<1.7 % decreased with an increase in Pt surface concentrations.  
 In Pt1.7%@Pd/C–Pt5.7%@Pd/C, RDS of HOR was Tafel reaction and it seemed 
to have little relationship with Pt shell growth. We speculated that the ensemble 
effect hindered the increase in the Tafel reaction rate on Ptx@Pd surfaces. Unlike 
the hydrogen desorption reaction (Volmer reaction), the dissociative adsorption of 
hydrogen (Tafel reaction) requires more than three neighboring atoms (ensemble 
effect) [41]. Thus, the increase in the Tafel reaction rate may be significantly 
slower than the increase in the Volmer reaction rate. Thus, the slow increase in the 
Tafel reaction rate may lead to similar ∆H
0#
 with Pt surface concentrations of 1.7 ~ 
5.7 %.  
 The ∆H
0#
 changes due to Pt shell growth suggested that the Pt shell deposition 
changed the RDS of HOR on the electrocatalyst surface. The turning point, surface 
Pt concentration changing the RDS, can be significantly low (~2 %) and highly 
active Pt-shell/Pd-core electrocatalyst could be achieved with 1/3 of Pt 



























Figure 3.14 Apparent enthalpy (ΔH
o#
) of HOR on Pd/C and Ptx@Pd/C 










3.2 CO induced Pt segregation in PtAu alloy 
nanoparticles 
Due to the excellent intrinsic stability of Au [42], several studies have developed 
and analyzed Pt-Au electrocatalysts, such as PtAu alloy or Pt thin films on Au 
substrate, for fuel cell applications, including the oxygen reduction reaction (ORR) 
[43-45], formic acid oxidation [46-50], and methanol oxidation [48-51]. Pt-Au 
nanoparticles often showed enhanced ORR compared with Pt nanoparticles with 
weaker OH adsorption due to the contraction strain effect [52-58], while, in bulk 
material, Pt-Au has lower activity due to the lattice mismatch between Pt and Au 
(4.1%) [59, 60]. However, ORR activity on PtAu alloy nanoparticles are lower than 
that on PtTM nanoparticles and improving the ORR activity of PtAu nanoparticles 
is still of significant importance. There are two different ways to increase the ORR 
activity of PtAu nanoparticles. One is to reduce the OH adsorption energy by 
modifying the electronic structure of PtAu nanoparticles, where the OH adsorption 
is stronger than optimum [61]. Another is to increase the number of active sites for 
ORR by controlling the surface composition.  
CO induced surface segregation is an attractive strategy to improve the 
ORR activity of PtAu alloy nanoparticles, since the electronic structure and surface 
composition can be simultaneously modified. CO induced segregation was 
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predicted by Greeley et al. via computational simulations for various combinations 
of metals [62]. To the best of my knowledge, there has only been one report that 
examined the relationship between CO induced surface segregation during thermal 
treatment and ORR activity. Mayrhofer et al. reported that thermal CO annealing 
could improve ORR mass activity of Pt-Co/C by a factor of ~3 when compared 
with untreated Pt-Co nanoparticles in alkaline media, but the specific activity and 
surface property changes during CO annealing was not examined [63]. 
Investigating qualitatively the changes of surface properties and ORR activity of 
PtAu nanoparticles during CO exposure will allow us to better understand the 
effect of surface comsption on the ORR activity and could help improve the ORR 
activity of Pt alloy nanoparticles. Core-shell structured Au-Pt nanoparticles with a 
Pt monolayer are the most efficient way to achieve 100% utilization and strong 
electronic modification of Pt, but have been prepared using an electrochemical 
method, which is not suitable for mass production. Thus, CO induced segregation 
could provide a practical way to increase Pt utilization and the specific activity of 
PtAu alloy nanoparticles. Therefore, improving our understanding of PtAu 
nanoparticle surfaces during CO induced Pt enrichment is expected to help 
overcoming the technical barriers; the sluggish ORR activity on Pt and instability 
of PtTM catalysts. 
Here, we demonstrated enrichment of surface Pt concentrations in PtAu 
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nanoparticles under a CO atmosphere, which enhanced the ORR activity. Pt 
enrichment and ORR activity was characterized by XPS and electrochemical 
techniques. In addition, comparison of surface Pt concentration and activity 
changes of PtAu nanoparticles during CO induced segregation allowed us to 
investigate the relationship between surface properties, surface atomic composition 
and OH adsorption strength, and ORR activity with little changes in total atomic 
composition, crystalline structure, and size of PtAu nanoparticles.  
 
3.2.1 Crystalline structure of PtAu/C 
Figure 3.15 shows a schematic of surface enrichment during CO or Ar exposure. A 
Pt rich surface could be achieved under a CO atmosphere since the CO adsorption 
energy is much higher for Pt (-1.35 eV) compared to the Au (-0.35eV) [55, 62, 64, 
65], while Au segregation is favored under an Ar atmosphere due to the lower 
surface free-energy of Au (1.41 J m
-2
) than that of Pt (2.34 J m
-2
) [66]. 
The particle size of the PtAu nanoparticles was investigated using TEM 
and XRD. TEM images were taken using a JEM-2010 (JEOL Ltd.) microscope at 
an acceleration voltage of 200 kV. The PtAu alloy nanoparticles have uniform sized 
and little aggregations (figure 3.16). The average size of the nanoparticles from 
TEM were 1.86 ± 0.31 nm, 2.00 ± 0.21 nm, and 1.96 ± 0.29 nm for PtAu-AP, 
PtAu-CO, and PtAu-Ar, respectively (Figure 3.17). Little aggregation or crystalline 
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growth (~7.5%) of the nanoparticles was observed after heat-treatment. 
The XRD patterns of the PtAu/C catalysts are presented in Figure 3.18 (Pt/C and 
Au/C were presented as a comparison). The XRD patterns were collected using a 
D-MAX2500 diffractometer (Rigaku Corp., The Woodlands, TX, USA) at a gun 
power of 8 kW and a scan rate of 0.2 ° min
-1
.  
The XRD peak of PtAu nanoparticles suggested that the nanoparticles had 
typical fcc structure. The lattice constants of the PtAu nanoparticles (PtAu-AP : 
3.99 Å , PtAu-CO: 4.00 Å , PtAu-Ar: 4.01 Å ) were very similar to that of PtAu alloy 
(4.00), which was calculated by Vegard’s law using the lattice constants of Au 
(4.10 Å ) and Pt (3.91 Å ) nanoparticles. As shown in Figure 3.19a, the binding 
energy of Pt 4f in the PtAu nanoparticles (70.7 eV) shifted to negative values when 
compared with Pt/C (71.4 eV). PtAu nanoparticles showed a lower binding energy 
of Au 4f (83.6 eV) when compared with that of Au/C (84.2 eV). (Figure 3.19b) 
This observed binding energy shift was in good agreement with previous reports, 
and suggested that our catalysts were alloy nanoparticles [67, 68].  
The crystalline sizes of PtAu nanoparticles determined using the line 
broadening of (220) peak were 2.2 nm, 2.4 nm, and 2.2 nm for PtAu-AP, PtAu-CO, 
and PtAu-Ar respectively, which was in good agreement with the TEM analysis. 
The crystalline structure of the PtAu nanoparticles hardly changed during heat 








Figure 3.15 Schematic representation of surface segregation process with (left) and 


















Figure 3.16 TEM image of (a) PtAu-AP, (b) PtAu-Ar, (c) PtAu-CO, and (d) a 





Figure 3.17 Size distributions of PtAu nanoparticles in (a) PtAu-CO, (b) PtAu-Ar, 













3.2.2 Surface structure of PtAu/C 
In order to determine the bulk and surface composition of PtAu/C catalysts, XPS 
analysis was performed with a Theta Probe (Thermo Electron Corp., Waltham, MA, 
USA) at the Korea Basic Science Institute. The bulk composition of PtAu 
nanoparticles were determined from the intensity ratio of Pt 4f and Au 4f XPS 
(Figure 3.19), since the mean free path of the photoelectron is >20 Å  with high 
kinetic energies (>1000 eV) [21]. The XPS intensity ratios of Pt and Au were 
obtained from the average of 5 different samplings of a catalyst to confirm that the 
compositions of the catalysts were uniform. The bulk fraction of Pt (# of Pt atoms / 
# of Pt and Au atoms in PtAu nanoparticles) was 55.1 ± 0.5 % in PtAu-AP. The 
higher Pt atomic fraction of PtAu-AP than that of precursor solution (0.128 mmol 
for Pt and Au) likely originated from the higher Pt fraction near the surface region 
[69, 70]. The bulk atomic fraction of Pt hardly changed during heat treatment under 
the Ar (55.2 ± 0.5%) or CO (55.2 ± 0.3%) atmosphere. 
The surface atomic fraction of Pt to total metal was determined from the 
XPS intensity of Pt 4p3/2 and Au 4P3/2 (Figure 3.20) correction of the photoelectron 
cross section [67, 71]. The mean free path of the photoelectrons Pt 4p3/2 and Au 
4p3/2 were approximately 14 Å  [21, 72]. The surface atomic fraction of Pt 
calculated from the XPS intensity ratio of Pt 4p3/2 and Au 4p3/2 was 74 ± 2 %, 
which corresponded to 1.12 times that of the PtAu-AP (66 ± 2 %), whereas the 
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Figure 3.21 Total (left) and surface (right) atomic fraction of Pt determined by 








3.2.3 Electrochemical characterization 
Electrochemical measurements were conducted in a standard three-compartment 
electrochemical cell using a rotating disk electrode system (Eco Chemie BV). A 
catalyst-coated glassy carbon (GC, 5 mm diameter) substrate, GC rod, and 
saturated calomel electrodes were used as working, counter, and reference 
electrodes, respectively. However, all potentials were calibrated using a homemade 
reversible hydrogen electrode (RHE) and reported with respect to the RHE. The 
reference was separated from the working electrode compartment by an electrolyte 
bridge to avoid chloride contamination. Ar-purged 0.1 M HClO4 was used for all 
electrochemical measurements, except for the ORR polarization measurements. 
Cyclic voltammetry was conducted at a scan rate of 20 mV s
-1
. Before the CV 
measurement, potential cycling in the range from 0 V to 0.4 V was performed to 
obtain a stable voltammogram. The cyclic voltammograms were reproducible with 
a deviation in the hydrogen desorption charge density of ~3 %. ORR polarization 
was obtained in a O2 saturated 0.1 M HClO4 solution at a rotating rate of 1600 rpm 
and a scan rate of 5 mV s
-1
 [73]. All electrochemical measurements were conducted 
isothermally at 20 ± 0.5°C. 
The surface fraction of Pt was electrochemically characterized by 
comparing the ratio between electrochemical surface area (ECA) of Pt and Au 
deduced from the hydrogen desorption on Pt (QH,Pt) and reduction charge of Au 
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surface oxide (QOH,Au), respectively. The electrochemical surface area of Au 
(ECAAu) was determined from the CV of the catalysts between 0.05 V ~ 1.50 V 
(Figure 3.22a). This was used because Au has a characteristic reduction peak at ca. 
1.3 V with a charge density of 400 μC cm
-2
. The ECAAu decreased by 18.3 % 








), but Ar 




) increase in ECAAu. Since the CV 
measurement at >1.3 V could result in irreversible oxidation of Pt, the QH,Pt was 
obtained from another CV measurement with an anodic limit of 1.15 V (Figure 













, respectively, based on the hydrogen desorption charge 
density on polycrystalline Pt (210 μC cm
-2
). From the ECAPt and ECAAu, the 
surface Pt fraction of PtAu-AP was determined to be 65.3 %. The surface Pt 
fraction of PtAu-CO was 1.11 times higher (72.8 %) than that of PtAu-AP, whereas 
the surface Pt fraction of PtAu-Ar was 53.1 %. (Figure 3.23)  The surface Pt 
fractions form the ECA ratio were in good agreement with the results obtained 
from the XPS analysis, which indicated surface enrichment of Pt in the PtAu 
nanoparticles.  
As shown in the ORR polarization curves (Figure 3.24), the half wave 
potential (E1/2) of PtAu-CO (903 mV) was more positive compared to the PtAu-AP 
(887 mV), demonstrating that the ORR activity was enhanced by the CO induced 
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 (PtAu-CO), the E1/2 shift with a larger active Pt area was estimated to be 
+4.0 mV according to the relationship between ECA and E1/2 suggested by Adzic et 
al [74].  However, in this study, the experimental E1/2 shift was as large as +16 mV, 
suggesting that the turnover frequency, current density normalized with respect to 
the ECAPt in electrocatalysis, was also enhanced, as well as the ECA, through the 
heat-treatment under the CO condition. 
From the polarization data, the mass activity was calculated to be 18.9 A 
gPt
-1
 (PtAu-AP), 33.2 A gPt
-1
 (PtAu-CO), and 11.4 A gPt
-1
 (PtAu-Ar), by using the 
Koutecky-Levich equation: 
1/i = 1/ik + 1/idl 
where i is the measured current, ik is measured kinetic current, and idl is diffusion 
limiting current [75]. The specific activity was determined by dividing ik by the 
ECAPt values. As shown in Figure 3.25, the specific activity of PtAu-CO (1.74 mA 
cmPt
-2
) was 1.53 times higher than that of PtAu-AP (1.14 mA cmPt
-2
), which was 
expected based on the large shift in the polarization curves. Since the ORR reaction 
on the Pt-Au alloy is limited by the desorption step of intermediate OH [7, 76, 77], 
it seems that the adsorption energy of OH decreased as a result of CO induced 
surface modification.  
To experimentally validate the change in OH adsorption energy, the 
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potential of total zero charge (PZTC) values were measured for each sample using 
the CO-displacement technique, which was suggested by Orts et al [78]. Briefly, 
CO was adsorbed onto the electrode at 0.104 V where the specially adsorbed 
hydrogen is the dominant ion species and desorption charge due to the adsorption 
of CO was recorded (Figure 3.26). The PZTC was calculated from the charge 
contribution of hydrogen desorption, which were displaced by CO [78, 79]. As 
stated in the Experimental, the potential having an identical charge density, PZTC, 
form CO-displacement and integration of cyclic voltammogram was determined. 
The cationic contribution of surface charge could be calculated from the CV 
measurement, since the underpotentially deposited hydrogen is the dominant 
cationic species in the potential range of CO-displacement. The anionic 
contribution to the surface charge could be determined by subtracting the total 
surface charge collected during CO adsorption from the cationic surface charge, 
QH,Pt above the CO adsorption potential (0.104 V). 
Even though there exist hindrance by specific adsorption, Gomez et al. 
found that the PZTC is linearly related to the work function level, which is directly 
connected to the adsorption strength of ions [80]. Thus, the PZTC by CO-
displacement technique has been widely utilized to investigate adsorption energy of 
ions [80-86]. The experimental PZTC values were more positive for PtAu-CO (221 
mV) when compared to the PtAu-AP (209 mV), which clearly demonstrates that 
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the OH adsorption became much weaker through the CO induced Pt segregation 
(Figure 3.25). The specific activity enhancement of 53% with a PZTC increase of 
12 mV seems to be reasonable, while the activity was reported to increase be a 
factor of 5 with a 35 mV PZTC variation when the Pt nanoparticle size was 
increased (1 nm  30 nm) [87]. Therefore, it can be summarized that the increased 
surface Pt fraction (65.3 %  72.8 %) by CO heat treatment led to weaker OH 
adsorption, enhancing overall ORR activity, which is in consistent with the 
Pedersen et al.’s report, weaker OH adsorption energy with higher Pt fraction, for 
the PtAu monolayer on Pt(111) or Au(111) with various surface Pt fractions 
between 40% and 100 % [88]. 
The comparison of the surface Pt concentration and ORR activity of PtAu 
nanoparticles during CO induced segregation allowed us to evaluate the enhanced 
ORR activity on PtAu alloy nanoparticles. The enhanced ORR activity was 
attributed to enrichment of surface Pt, which led to weaker OH adsorption as well 
as a higher Pt surface area. Since the properties and optimum structure of surface 
alloys have been well established through computational simulations, this strategy 
(CO induced segregation) could be expended to other Pt alloy surfaces to improve 
ORR activity. This finding suggests that CO induced surface segregation could be 
used to enhance the catalytic activity of the carbon-supported alloy nanoparticles 




Figure 3.22 Cyclic voltammogram in the potential range of (a) 54–1554 mV (scan 
rate of 20 mV s
-1










Figure 3.23 Surface atomic fractions of Pt in the PtAu nanoparticles calculated 








Figure 3.24 ORR polarization curve of PtAu-CO (- - -), PtAu-Ar (–•–), and PtAu-














Figure 3.26 CO-displacement current-time profile of (a) PtAu-CO, (b) PtAu-




 3.3 Se-modified-Ru nanoparticles with phosphoric 
acid 
High temperature-polymer electrolyte membrane fuel cells (HT-PEMFCs) have 
received increasing interest because they are highly efficient and exhibit fuel 
flexibility [89]. Phosphoric acid-doped polybenzimidazole (PBI) membranes have 
been widely adopted as polymer electrolyte membranes because they have high 
ionic conductivity and stability under HT-PEMFC operating conditions [90]. 
However, because strong phosphoric acid adsorption decreases platinum utilization, 
large quantities of a platinum catalyst must be used to facilitate good performance. 
Therefore, to enhance platinum utilization, several studies have reduced phosphate 
adsorption through, for example, surface modification of platinum [91], electronic 
structure modification with Pt alloys [92] and Ptshell-Aucore electrocatalysts [93]. 
Despite recent advances in catalyst design, Pt loading for HT-PEMFC is still high, 
and the electrode is expensive. To produce cheaper and efficient fuel cells, non-
platinum catalysts that are less affected by phosphoric acid may be a promising 
alternative.  
    As a non-platinum electrocatalyst, Se-modified-Ru (RuSey) has been 
studied because it has high ORR activity, high selectivity for a four-electron 
pathway, and an intrinsic tolerance for methanol oxidation [94]. Malakhov et al. 
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suggested that the ORR active site for RuSey was the Ru surface [95], which was 
confirmed by in-situ XAS analysis of Se under ORR reaction conditions [96]. Se 
modification has been shown to decrease Ru-O bond energy and enhance ORR 
activity [97]. These findings suggest that Se modification may also decrease 
phosphoric acid adsorption on Ru because phosphoric acid adsorption strength 
should be proportionate to the Ru-O bond strength. 
     Herein, carbon-supported Se-modified-Ru catalysts (RuSey/C) were 
synthesized via a co-precipitation and reduction method [98], and their phosphate-
adsorption characteristics were evaluated using electrochemical techniques and in-
situ XAS. The effects of phosphoric acid on the oxidation states of Ru and Se and 
the Se-O interaction were analyzed at 600 mV to elucidate the phosphate 
adsorption site and investigate the interaction under ORR conditions. The effect of 
Se modification on the ORR activities with phosphoric acid was discussed based 
on the XAS analysis. 
 
3.3.1 Physicochemical characterization 
The Ru/C and RuSey/C catalysts were prepared by a reported procedure [98]. The 
nominal Ru-to-carbon ratio was 20% by weight. The atomic ratios of Se-to-Ru 
were nominally 33%, 66% and 133%. The Se-to-Ru atomic ratios for the RuSey/C 
were determined using X-ray photoelectron spectroscopy, which was consistent 
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with the nominal ratio; the catalysts were designated according to the Se-to-Ru 
ratio as follows: RuSe0.31/C, RuSe0.76/C, and RuSe1.56/C.  
     In investigate the crystallographic structure of Ru/C and RuSey/C, XRD 
patterns for the catalysts were collected using a MiniFlex II diffractometer 
(Rigaku). XRD of Ru/C showed a typical hcp Ru structure (Figure 3.27a) and the 
RuSey/C samples were analyzed to be composed of RuSe2 and Ru (Figure 3.27b-d). 
To elucidate the crystalline structure of RuSey/C catalysts, the broad peak of 
RuSe1.56/C around 40
o
 could be deconvoluted, after background correction of 
carbon support, by the RuSe2 pyrite (PDF# 65-3328) phase and Ru hcp (PDF# 65-
1863) phase (Figure 3.28). The deconvolution of XRD peak was performed with a 
constant FWHM of 6.92° for all individual diffraction peaks. The deconvolution of 
XRD clearly suggested that the broad peak at 30-37° is the superposed diffraction 
peak of RuSe2 (200), (210), and (211) and the peak at ~43° is from Ru (100), (002), 
and (101). The variation of RuSe2 and Ru peak intensities shows that the RuSe2 
content increased with higher Se content. 
     In order to confirm the structure of RuSey/C which was suggested to be 
mixture of crystalline Ru and amorphous like RuSe2, heat-treatment was conducted 
with RuSe1.56/C at 500 °C for 2 h under an Ar gas. After heat-treatment, pyrite 
structure of RuSe2 and hcp Ru structure was clearly identified (Figure 3.29) [98].. 
     Bright field image of the Ru/C showed well dispersed Ru nanoparticle on 
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carbon support (Figure 3.30). TEM images of RuSe1.56/C gave amorphous like 
nanoparticles on carbon support, which was likely consisted of RuSe2. SAD pattern 
of the catalysts suggested that the Ru/C showed the highest crystallinity and the 
crystallinity decreased with the increase of Se contents (Figure 3.31). The decrease 
of crystallinity with the increase of Se contents accorded well with the XRD data 
which suggested decrease of crystalline Ru phase with the increase of Se contents. 
Figure 3.32 presented the dark field image and corresponding EDS line scan profile 
of the RuSey/C catalysts. In RuSe0.32/C, the EDS intensity ratio between Se and Ru 
showed poor relation likely due to low Se concentrations. As the increase of Se 
content, the intensity of Se became well corresponding to that of Ru. The EDS 
intensity of Ru and Se in RuSe1.56/C showed virtually identical trend, indicating 
















Figure 3.28 XRD curve fitting of RuSe1.56/C with a constant line broadening. Thin 
lines (a-g) and thick lines correspond to XRD of RuSe2 (pyrite structure) and Ru 
(hcp structure), respectively. The peaks (a-g) denote RuSe2 (111), (200), (210), 






























Figure 3.32 Dark field image of of (a) Ru/C, (b) RuSe0.32/C, (c) RuSe0.76/C, and (d) 








3.3.2 Electrochemical characterization 
The cyclic voltammogram (CV) and ORR polarization of the catalysts were 
determined using a PGSTAT potentiostat (Eco Chemie) in Ar and O2 saturated 0.1 
M HClO4, respectively. To investigate the effect of phosphoric acid on CV and 
ORR polarization, the CV and ORR polarization curves were recorded in 0.1 M 
HClO4 + 10 mM H3PO4. The electrode potential was reported with respect to a 
normal hydrogen electrode (NHE).  
     In an RDE experiment, the ORR activity of Ru/C decreased after addition 
of 10 mM H3PO4 (Figure 3.33), which was demonstrated by the polarization curve 
shift in the negative potential direction. From the experimental current density (i) 
and limiting current (il), the kinetic current density (ik) was calculated based on the 
Koutecky-Levich equation (1/i = 1/ik + 1/il). The kinetic current density at 0.6 V 
(ik,0.6 V) decreased by 26.8% (2.61 mA gRu
-1
  1.91 mA gRu
-1
). 
     Depressed ORR activity upon phosphoric acid addition has been 
explained by active site blocking due to the adsorption of phosphoric acid 




) [91-93, 99]. However, 
for RuSe1.56/C, which is primarily composed of RuSe2, the ORR activity was 
enhanced by phosphoric acid addition as shown in Figure 3.34 (ik,0.6 V: 1.63 mA 
gRuSey
-1 
 2.66 mA gRuSey
-1
). Accordingly, enhancement of ik,0.6 V with 10 mM 
phosphoric acid gradually increased with higher Se content as follows: 17.8% 
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(RuSe0.32/C)  43.4% (RuSe0.76/C)  63.8% (RuSe1.56/C). Even though the 
activity was changed by phosphoric acid, the ORR mechanism on Ru/C and 
RuSey/C catalysts seems to be not changed based on the constant Tafel slopes.  
     The enhanced ORR activity with phosphoric acid addition suggests that 
the activity at the active site in RuSey/C catalysts increases with HPA/PA
-
 
adsorption, which compensates for the decreased number of active sites. For 
RuSey/C, it has been reported that, when the Ru catalyst is modified by Se atoms, 
the Ru-O bonding energy decreases through electronic repulsion between OHad and 
neighboring Se atoms [97], and accordingly, the overall ORR reaction is enhanced 
as the rate-determining OHad desorption process becomes faster [100]. Thus, when 
phosphoric acid is added to RuSey/C catalysts, HPA/PA
-
 adsorption on Ru atoms is 
likely less favorable compared with Ru/C, and the ORR reaction may be further 
enhanced if electrostatic repulsion is increased by HPA/PA
-
 adsorption on Se (Se-
PAad).  
     For experimental characterization of HPA/PA
-
 adsorption on the Ru and 
RuSey surfaces, CV and in-situ XAS were performed with and without 10 mM 
H3PO4 in Pohang Accelerator Laboratory (PAL) 10C beamline. The spectra were 
collected under the fluorescence mode at 0.6 V. Before investigating the HPA/PA
-
 
adsorption on RuSey/C surfaces, in-situ XAS of Ru/C and RuSey/C in 0.1 M 
HClO4 was performed to verify the experimental techniques. As reported by 
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Ramaswamy et al. [97], the XANES of Ru/C was gradually increased as the 
electrode potential increased (Figure 3.35). The increase of XANES peak was 
suggested to be oxidation of Ru surfaces. In RuSey/C, the XANES was hardly 
affected by the applied potential up to 800 mV and showed large increase of 
XANES peak at 1 V, and were in good agreement with the previous report. The 
virtually identical XASNE peak in RuSey/C up to the applied potential of 800 mV 
(Figure 3.35) was attributed to the hindered oxidation of Se by Se atoms in 
RuSey/C. Se atoms in the RuSey/C was suggested to be oxidized and protect the Ru 
from oxidation [97].  
     In 0.1 M HClO4, the Ru/C and RuSe1.56/C catalysts had a typical CV 
(Figure 3.36) [94, 101]. The Ru/C had a large double layer capacitance from 
multilayer oxidation of Ru surfaces and an oxide reduction peak at ~0.2 V, which is 
consistent with the reported characteristics of polycrystalline Ru [102]. When 10 
mM H3PO4 was added to Ru/C, a broad anodic peak appeared at ~0.5 V, which 
originated from the electrochemical adsorption of HPA and PA
-
 to form Ru-PAad 
[103, 104]. The PAad to Ru surface atomic ratio was estimated at 7% from the 
integrated charge for Ru-PAad formation (13.3 C gRu
-1
) with the assumption of 
uniform and spherical Ru particles (diameter: 5 nm). Because one PAad typically 
coordinates with three surface atoms, PAad coverage on a Ru surface may be as 
high as 21%. However, in-situ XAS analysis showed that the absorption edge 
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energy (E0) in Ru/C (Figure 3.37a), which depends on Ru-O bond formation [95-
97], was not significantly changed after the H3PO4 addition. Therefore, it can be 
concluded that Ru surfaces are initially covered in high levels of OHad or H2Oad at 
0.6 V [105, 106], and high levels of PAad replace these chemicals through 
phosphoric acid addition, which was confirmed by CV and XANES spectra. 
     In RuSe1.56/C, the Ru oxide reduction peak was significantly depressed 
from the increased RuSe2 [97]. When 10 mM H3PO4 was added to RuSe1.56/C, the 
anodic peak near 0.5 V was not observed, which indicates that electrochemical 
adsorption of HPA/PA
-
 was not significant. However, HPA/PA
-
 may affect 
RuSe1.56/C in different ways because phosphoric acid addition decreased Ru 
oxidation state in RuSe1.56/C compared to that without phosphoric acid (Figure 
3.37b). 
     In-situ XAS analysis of the Se K region, which was recorded at 0.6 V, 
strongly suggests an interaction between the Se atom and HPA/PA
-
. When 
phosphoric acid was added, the E0 for Se K shifted positively, which indicates Se 
oxidation (Figure 3.38a), and the Se-O interaction increased as shown in the 
extended X-ray absorption fine structure (EXAFS) data (Figure 3.38b). The effect 
of HPA/PA
-
 adsorption on the Ru oxidation state at the RuSey surface is not clearly 
understood, but electrostatic repulsion between Se-PAad and Oad on Ru is likely 
ascribed to the suppressed Ru oxidation. As the electron-rich PAad on Se should 
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increase electrostatic repulsion between Oad on Ru and Se, the PAad should decrease 
Ru-O bond energy. Future research on charge redistribution at the Se-PAad and Ru 
surfaces should yield a detailed explanation of the effect of Se-PAad on the Ru 








Figure 3.33 ORR polarization curves of (a) Ru/C, (b) RuSe0.32/C, (c) RuSe0.76/C, 









Figure 3.34 ORR mass activity (ik / gRuSe @ 0.6 V) of catalysts with (▧) and 








Figure 3.35 XANES spectra of (a) Ru/C and (b) RuSe1.56/C at 50 (- ·· -), 300 (-
·-), 600 (······), 800 (---), and 1000 (——) mV.; Differences in XANES spectra 








Figure 3.36 CV of (a) Ru/C, (b) RuSe0.32/C, (c) RuSe0.76/C, and (d) RuSe1.56/C in 








Figure 3.37 XANES spectra of Ru K in (a) Ru/C and (b) RuSe1.56/C at 600 mV 





Figure 3.38 (a) XANES spectra of Se K in RuSe1.56/C at 600 mV with (– – –) and 
without (——) 10 mM phosphoric acid.; (b) Radial distribution function obtained 
from k-weighted EXAFS of Se K in RuSe1.56/C at 600 mV with (– – –) and without 
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HOR/ORR activities of surface modified electrocatalysts have been investigated. 
The surface modifications significantly changed electrochemical properties of 
catalysts including hydrogen and oxygen adsorption energy.  
Pt-sub-monolayer-shell@Pd-core nanoparticles showed a 3.5-fold 
increase in i0 with a Pt surface concentration of 4.7%. The ∆H
0#
 of HOR suggested 
that Pt shell growth changed the RDS of HOR at a Pt surface concentration of 1.7%. 
In Ptx@Pd/C (x < 1.7 %), hydrogen desorption was the RDS. The decrease in ∆H
0#
 
was attributed to an increase in hydrogen desorption rate due to the faster 
desorption rate on the Pt shell than that on the Pd surfaces. In Pt1.7%Pd/C ~ 
Pt5.7%Pd/C, the RDS was expected to be associative adsorption of hydrogen. The 
ensemble effect and decrease in hydrogen adsorption strength seemed to hinder a 
further decrease in ∆H
0#
. 
We investigated the changes in ORR activity during CO induced surface 
Pt segregation in PtAu nanoparticles. Improved ORR activity on CO treated PtAu 














Pt surface enrichment in PtAu-CO, which was determined through the XPS and 
electrochemical measurements, provided more active sites, ECAPt, for ORR, while 
138 
 
the Ar treatment led to a 5% decrease in ECAPt when compared to PtAu-AP. The 
enhancement of specific activity on the Pt rich surface (PtAu-CO) was attributed to 
weaker adsorption energy of OH, which was confirmed by the positive shift of the 
PZTC (12 mV) in the CO treated catalyst 
The ORR activity of an unmodified Ru/C catalyst decreased by 26.8% 
with phosphoric acid addition, while surface coverage on Ru was estimated at 21% 
using CV. In contrast, with phosphoric acid addition, the Se-modified Ru catalysts 
(RuSey/C) had enhanced ORR activity at 17.8% (RuSe0.31/C), 43.4% (RuSe0.76/C), 
and 63.8% (RuSe1.56/C). From the CV and XAS analyses, electrochemical 
adsorption on Ru atoms was insignificant, but the oxidation state of Ru atoms 
decreased. Based on the negative shift of the Se K XANES spectra and the 
increased Se-O interaction demonstrated by Se K EXAFS, the HPA or PA
-
 likely 
interacted primarily with the Se atoms, and as a result, the oxygen binding energy 





Abstract in Korean 
전기화학 반응은 촉매 표면의 구조에 많은 영향을 받기 때문에, 높은 
효율과 낮은 가격을 가지는 연료전지용 전기화학 촉매를 개발하기 위해 
표면이 개질된 나노입자의 연구가 활발히 진행되어 왔다. 표면이 개질된 
촉매를 얻기 위해 많은 시도들이 있어왔다. 
다양한 표면 개질을 통해 얻어진 나노입자 촉매의 수소산화반응과 산
소환원반응에 대한 활성에 대한 표면 개질의 영향을 연구하고, 표면 개
질의 결과 나타나게 되는 촉매 표면의 이종원소의 영향에 대해 논의 하
였다. 촉매의 표면 개질은, 1) 팔라듐 나노입자의 표면을 한 층 이하의 
백금으로 개질 하는 방법, 2) 백금-금 합금 촉매를 일산화탄소 또는 아
르곤 분위기에서 열처리 하여 합금 촉매 표면의 백금 농도를 조절하는 
방법, 3) 셀레늄으로 개질된 루테늄 촉매의 표면에 인산을 선택적으로 
흡착시키는 방법의 세가지 방법이 시도되었다. 
백금으로 개질된 팔라듐 촉매의 수소산화반응에 대한 활성을 백금의 
표면 농도가 0~5.7% 인 범위에서 연구하였다. 전기화학적 분석과 광전자
분광법을 이용한 분석을 통해 백금으로 개질된 팔라듐 입자표면의 산화
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된 팔라듐의 양이 감소(-23.4%) 하는 것을 확인하였고, 엑스선흡광분광법
을 이용하여 백금의 양이 증가할수록 백금의 산화수가 증가 하는 것을 
확인하였다. 백금의 표면 농도가 1.7% 이상일 때 팔라듐 입자 표면의 백
금 원자에 의해 수소산화반응의 율속단계가 수소이온의 탈착반응에서 수
소 분자의 해리흡착반응으로 변화 하는 것을 회전원판전극을 이용해 분
석하였다. 
일산화탄소 흡착에 의한 백금-금 합금 표면의 백금 농도 증가가 산소
환원반응 활성에 미치는 영향을 연구하기 위해, 백금-금 합금 촉매를 일
산화탄소와 아르곤 분위기에서 각각 열처리를 진행하였다. 광전자분광법
을 통해 일산화탄소 분위기에서 백금 농도가 증가(66 ± 2% → 74 ± 
2%)하는 것을 확인하였다. 이로 인해 산소환원반응에 대한 무게당 활성
이 75.6% 증가 하였고 이는 백금의 표면적이 15.8% 늘어 난 것과 표면
의 백금-금 비율의 변화로 인해 백금의 산소에 대한 결합에너지가 감소
한 것에 기인 하는 것으로 분석 되었다. 
인산의 흡착에 의한 셀레늄으로 개질된 루테늄 촉매의 산소환원 반응
에 대한 영향을 분석하기 위해 탄소에 담지된 루테늄 촉매와 셀레늄으로 
개질된 루테늄 촉매를 비교 하였다. 루테늄 촉매의 경우 인산의 흡착에 
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의해 산소환원에 대한 활성이 26.8% 감소 하였고 이는 주로 활성점의 
감소 (21%) 에 기인 하는 것으로 분석 되었다. 셀레늄으로 개질된 루테
늄 촉매의 경우 인산의 흡착에 의해 활성이 63.8% 증가 하였고, 이는 인
산이 셀레늄에 선택적으로 흡착하여 루테늄의 산소에 대한 결합 에너지
를 약화 시킨 것이 주요한 원인이 될 것으로 분석되었다. 
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